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where , which is a random variable uniformly
distributed in , while and are partial
auto-correlation functions, which are defined as
(15)
(16)
The interference term of is contributed by the path
, associated with the subcarriers
induced by the reference user,1
which can be expressed as
(17)
where . Due to the difference of the frequen-
cies and associated with the subcarriers and , the cor-
responding partial autocorrelation functions are now defined as
(18)
(19)
With the aid of (4) we can rewrite (18) and (19) as
(20)
(21)
The multiuser interference (MUI) term in (13) is due to
the path associated with the same
subcarrier engenderedbytheinterferingusers, ,
which can be expressed as
(22)
where is a random variable uniformly
distributed in , while and are partial




andfromthesameuser,wehave cos(2￿f +’ )cos(2￿f +’ )dt =
0. Therefore, the interference term of I due to the path l on the subcarrier
u; u =1 ; 2; ...;U ;u6= v engendered by the reference user is zero. Hence,
the associated terms are excluded by letting l 6= l in (12).
Finally, the MUI term in (13) is due to the path
induced by the subcarrier and
of the interfering user , which can be
expressed as
(25)
where is a random variable uniformly
distributed in . The associated partial cross-correlation
functions in (25) are defined as
(26)
(27)
Having analyzed the interference terms in (13), let us now
consider the statistics of these interference contributions by
assuming random spreading sequences and employing the
standard Gaussian approximation [29]. According to (14), (17),
(22), and (25), , , and constitute special cases of
. Specifically, if we set in (25), we obtain (22). If
we let in (25), then we get (17). Finally, if we let
and , then we obtain (14). Hence, we can analyze the
multipath interference engendered by the reference user as
well as the MUI induced by the th user by first analyzing the
MUI of (25). Based on the standard Gaussian approximation
[29], [30], the MUI term of (25) can be approximated as a
Gaussian random variable with zero mean and variance given
by
(28)
where , while the second central moments
of and —which were defined in
(26)and(27)—withrespectto and canbederivedfrom
[30, eqs. (35) and (36)]2 by setting and
. It can be shown that
(29)
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Upon substituting (29) into (28), it can be shown that the vari-
ance of can be expressed as
(30)
Let and compute the limit of .
We find that the variance of the interference term equals
to , which physically represents the interference
power, when a subcarrier signal of the reference user is com-
pletely overlapping with the corresponding subcarrier signal of
the th interfering user, inflicting the interference variance of
given by (22). Consequently, the MUI can be approx-
imated as a Gaussian random variable with zero mean and vari-
ance given by
(31)
Upon using a similar approach to that invoked above for the
computation of , we can derive the variance of and the
corresponding result is the same as that in (30) for . This
resultispredictable,sincerandomspreadingsequenceswereas-
sumed and each chip is assumed to be an i.i.d. random variable.
Hence,theself-interferencetermof canbeapproximatedas
a Gaussian random variable with zero mean and variance given
by
(32)
Finally, the self-interference term of can be approx-
imated as a Gaussian random variable with zero mean. Its
variance can be obtained from (32) by computing the limit of
, which results in
(33)
Consequently, the correlator output of (13) can be
approximated as a Gaussian random variable with normalized
mean given by and normalized variance
expressed as
(34)
Let and represent the average of and ex-
cluding the multiplicative term in (32) and the
term in (30), respectively, with respect to and . Then it can
be shown that
(35)
We assume that the MIP is given by ,
the taps of which are independent variables for the subcarrier
and user , i.e., we assume that all the subcarrier signals of the
different users obey the same MIP distribution. Consequently,
(34) can be expressed as
(36)
where .Notethat,inderiving
(36), we also used , i.e., was replaced
by its average value.
Since of (11) is the sum of independent Gaussian
random variables, is also a Gaussian random variable. The
normalized mean of is given by
(37)
and the normalized variance of is given by
(38)
Having obtained the statistics of the decision variables, in the
following section we derive the average bit error rate (BER)
for the generalized MC DS-CDMA system over multipath Nak-
agami- fading channels.
IV. PERFORMANCE ANALYSIS
As we have argued in the above section, the decision vari-
able, , can be approximated as a Gaussian
random variable having a normalized mean given by (37) and
a normalized variance given by (38). Therefore, the BER using
BPSK modulation conditioned on a set of fading attenuations
can be expressed as
(39)
where
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Fig. 6. BER versus the normalized subcarrier spacing, ￿ for the generalized
MC DS-CDMA system over the multipath Nakagami-m fading channel, where
(a) m = 1 represents the Rayleigh fading and (b) m =2 0models the Rician
fading channel. The other parameters used in both figures are L =3 2 , N =
128, K =1 0 , ￿ =0 :2, E =N =1 5dB. The results were computed from
(47) by assuming that L = L , i.e., the receiver was capable of combining all
the resolvable paths.
normalized subcarrier spacing, , on the average BER of the
generalizedMCDS-CDMAsystemisshownexplicitlyinFig.6,
where both the multipath Rayleigh fading channel associated
with [Fig. 6(a)] and the multipath Rician fading channel
of [Fig. 6(b)] were considered. From the results of
Fig. 6(a), we infer that the BER of the multicarrier system using
a given number of subcarriers changes slowly, when ,
and there is no pronounced optimum spacing. In contrast to
Fig. 6(a), in Fig. 6(b) the BER changes more explicitly, when
changing the spacing . By carefully observing the curves in
Fig. 6(b), we find that the optimum spacing for a given value of
was around , where the orthogonal MC DS-CDMA
schemeachievesthebestBERperformance.InFig.6(a)and(b),
we assumed that all the resolvable paths were combined in the
receiver irrespective of the complexity. Hence, the complexity
oftheRAKEreceiverdecreases,whenincreasingthespacing ,
sincethenumberofresolvablepaths, ,decreasesforallvalues
of , when increasing the spacing , as shown in Fig. 5(b).
Therefore, from this point of view, the multitone DS-CDMA
schemeassociatedwith doesnotconstituteagooddesign
tradeoff, when compared to the orthogonal MC DS-CDMA
scheme having a spacing of , since it results in a higher
receiver complexity without any commensurate BER benefits.
This is true even over the Rayleigh fading scenario of Fig. 6(a),
where the BER deficiency of the scenario is less obvious.
In Fig. 6, we assumed that the receiver was capable of com-
bining all the resolvable paths. However, due to the maximum
complexity constraint of the receiver, typically it can only com-
bine a fraction of the resolvable paths. Hence, in the following
figuresweassumedthatthereceiverwascapableofcombiningat
most fiveresolvable paths, namely the first fiveresolvable paths
Fig. 7. BER versus the fading parameter, m, for the MC DS-CDMA having
the optimum normalized subcarrier spacing, for the multitone DS-CDMA and
the orthogonal MC DS-CDMA systems over multipath Nakagami-m fading
channels using the parameters of L =3 2 , N = 128, K =1 0 , ￿ =0 :2,
E =N =8dB and 15 dB. The results were computed from (47) by assuming
that we had L =5 , i.e., that the receiver was capable of combining at most five
resolvable paths.
having the highest average power, if we had , while it
combined all the resolvable paths, if we had . This as-
sumptiontacitlyimpliesthattheRAKEreceiversofthedifferent
MC DS-CDMA systems considered had the same complexity.
FromFig.7–10,theBERperformanceofmultitoneDS-CDMA,
orthogonalmulticarrierDS-CDMA,andMCDS-CDMAhaving
optimum spacing—associated with thesystem thatachievedthe
minimum BER—was characterized and compared.
In Fig. 7, the BER versus the fading parameter, ,w a s
evaluated for the above-mentioned three types of multicarrier
DS-CDMA schemes at dB and 12 dB. The channel
models considered encompassed the range from the worst-case
one-sided Gaussian fading channel associated with
to the high-quality, asymptotically AWGN channel of .
From the results of Fig. 7, we observe that the multitone
DS-CDMA scheme marginally outperforms the orthogonal
MC DS-CDMA scheme, when the channel fading is extremely
severe, such as in the case of , and . However, if
the channel quality is sufficiently high ( ), the multitone
DS-CDMA scheme is outperformed by the orthogonal MC
DS-CDMA scheme. Furthermore, it can be observed that for
the cases considered neither the multitone DS-CDMA nor the
orthogonalMCDS-CDMAareoptimumschemes.Moreexplic-
itly, from the results we infer that for any given value of there
exists an optimum spacing of , which results in a
minimum-BER MC DS-CDMA scheme that outperforms both
the multitone DS-CDMA and the orthogonal MC DS-CDMA
systems. However, the BER of orthogonal MC DS-CDMA
converges to that of the optimum multicarrier DS-CDMA
scheme in Fig. 7, when the channel quality characterized by the
fading parameter improves. This observation implies that the
orthogonal multicarrier DS-CDMA arrangement represents the
asymptotically optimum scheme, when is sufficiently high.
In Figs. 8 and 9, the BER versus performance
was evaluated in the context of the multitone, the orthogonal
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Fig. 8. BER versus the SNR per bit, E =N , performance for the MC
DS-CDMA system having the optimum normalized subcarrier spacing, for the
multitone DS-CDMA and for the orthogonal MC DS-CDMA systems over
the multipath Nakagami-m fading channel using parameters of L = 32,
N =1 2 8 , K =1 , ￿ =0 :2, m =1 , 2 and 1. The results were computed
from (47) by assuming that we had L =5 , i.e., the receiver was only capable
of combining at most five resolvable paths.
Fig. 9. BER versus the SNR per bit, E =N , performance for the MC
DS-CDMA system having the optimum normalized subcarrier spacing, for the
multitone DS-CDMA and for the orthogonal MC DS-CDMA systems over
the multipath Nakagami-m fading channel using parameters of L =3 2 ,
N = 128, K =1 0 , ￿ =0 :2, m =1 , 2 and 1. The results were computed
from (47) by assuming that we had L =5 , i.e., the receiver was only capable
of combining at most five resolvable paths.
schemes for and . The parameters employed in the
context of both figures were the same, except that in Fig. 8 the
number of users was one, which characterizes the performance
of a system using ideal multiuser detection, while in Fig. 9, the
number of users was 10. The other parameters were shown at
the top of the figures. From these results, we find that when
and dB for , while
dB for , and when and dB,
the multitone DS-CDMA scheme outperforms the orthogonal
MC DS-CDMA arrangement, but for any other scenarios
orthogonal MC DS-CDMA marginally outperforms multitone
DS-CDMA. However, both the multitone and the orthogonal
Fig. 10. BER versus the number of users, K, for the MC DS-CDMA having
the optimum normalized subcarrier spacing, for the multitone DS-CDMA and
for the orthogonal MC DS-CDMA systems over the multipath Nakagami-m
fading channel using parameters of L =3 2 , N = 128, E =N =1 5dB,
￿ =0 :2, m =1 , 2 and 1. The results were computed from (47) by assuming
that we had L =5 , i.e., the receiver was only capable of combining at most five
resolvable paths.
multicarrier DS-CDMA schemes are outperformed by the
“spacing-optimized” MC DS-CDMA scheme, when
and 2. For the AWGN channel of both the orthogonal
and the “spacing-optimized” MC DS-CDMA schemes achieve
the very close BER performance at any SNR per bit value.
Finally, in Fig. 10, we evaluated the BER versus the number
of active users, , in the context of the multitone, orthogonal
and “spacing-optimized” MC DS-CDMA schemes in terms
of and . According to the results we observe that
when and , respectively, then multitone
DS-CDMAoutperformsorthogonalMCDS-CDMA,butforany
other cases, orthogonal MC DS-CDMA outperforms multitone
DS-CDMA. However, both the multitone and the orthogonal
MC DS-CDMA schemes are outperformed by the “spacing-op-
timized” MC DS-CDMA scheme, when and 2. For the
AWGNchannelof boththeorthogonalmulticarrierand
the “spacing-optimized” MC DS-CDMA schemes achieve the
same BER performance for any number of active users.
VI. CONCLUSION
In summary, in this contribution the performance of the gen-
eralized MC DS-CDMA system has been investigated. We have
presented a unified analytical framework for determining the
exactaverageBERofgeneralizedMCDS-CDMAoverthegen-
eralized multipath Nakagami- fading channel. We have in-
vestigated the effect of the subcarrier spacing on the perfor-
manceofthegeneralizedMCDS-CDMAsystem.TheBERper-
formance of the “spacing-optimized” MC DS-CDMA scheme,
the multitone DS-CDMA scheme as well as that of the orthog-
onal MC DS-CDMA scheme has been evaluated and compared.
From the results, we inferred the following conclusions.
In the generalized MC DS-CDMA scheme, for a given
system bandwidth and a given channel environment, there ex-
ists an optimum subcarrier spacing, which results in a minimum
BER MC DS-CDMA system. In general, neither multitone